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Description of categorization of non-admixed populations into “near” and “far” 
categories. 

Salmo – Although we lacked genome-wide estimates of admixture based on genetic markers, we 

can clearly distinguish nonadmixed, “far” populations because they occupy isolated rivers (S. 

salar) or parts of rivers above barriers, that are inaccessible to the other species (S. trutta, Fig. 

S3). However, we lack non-admixed “near” populations, as all the remaining genotyped 

individuals could have potentially been admixed. Therefore, we perform a randomisation test 

using sympatric rather than “near” individuals. This allowed to test for MHC introgression, but 

not for its adaptiveness.  

Solea – The division between “near”  and “far” is shown in Fig S4. The wide “near” is an effect 

of limited but still detectable admixture near Annaba, Algeria. 

Bombina - The division between “near” and “far” is shown in Fig S5. Note that due to the limited 

number of non-admixed populations, we analysed Bochnia and Chernivitsi transects together1. 

Lissotriton - The “far” populations are shown in Fig S6 and are located outside of analysed 

transects. Note that the set of “far” L. vulgaris populations differed between eastern and western 

transects, because the two L. vulgaris lineages are strongly divergent as inferred by Zieliński 2,3 

(IN and OUT zone).  

Triturus – The “far” populations correspond to alloF populations from4. Note that we analysed 

only four Balkan hybrid zones as the level of genome-wide admixture for the Western European 

hybrid zones was estimated based on allozymes which we consider of insufficient resolution for 

comparative analysis. 

Anguis – The division between “near” and “far” is shown in Fig S7. 

Emys – The “far” populations are shown in Fig S8. Note that for the E. orbicularis – E. trinacris 

hybrid zone, we could not obtain individual Q-scores. Thus, we classified “far” populations 



solely by geography, based on Figure 2 from5. Due to the lack of the “near” category, similar to 

Salmo, we compared “far” with sympatry and used the test results only if they were not 

significant. 

Natrix - The “far” populations are shown in Fig S9. 

Podarcis – The “far” populations correspond to allopatric populations in6  . 

Sphyrapicus - The “far” populations are shown in Fig S10. 

Clethrionomys - The “far” populations are shown in Fig S11. 

Genome-wide data newly generated for this study 

Clethrionomys 

Whole genome sequencing data were generated from 28 red-backed voles (C. rutilus) and 20 

bank voles (C. glareolus) using the NEBNext Ultra II FS DNA Library Prep Kit (New England 

Laboratories, Woburn, MA) and 150 bp paired-end sequencing on the Illumina NovaSeq 6000 

platform at the OMRF DNA Sequencing Facility, University of Oklahoma, USA (for details, 

see7). The trimmed reads were then mapped to the bank vole reference genome7 using the bwa-

mem algorithm from bwa (v. 0.7.10-r789) (Li et al. 2013). SNPs and genotype likelihood were 

called using angsd (v. 0.934)8 with the following criteria (-GL 2 -doMajorMinor 1 -doMaf 1 -

SNP_pval 2e-6 -minMapQ 30 -minQ 30 -minInd 48 -minMaf 0.05 -doGlf 2). The final dataset 

with 13,464,826 SNPs was used to estimate the admixture proportion in NGSadmix (v. 32)9. 

Anguis 

Hybrid indices were estimated for Anguis individuals using 90 “species-diagnostic” SNPs 

assayed by LGC Biosearch Technologies using the Kompetitive Allele Specific PCR (KASP) 

protocol10,11. The 51bp KASP SNP probes were designed by SJEB to lie within the  (~1800bp) 

sequences of genome-wide anchored hybrid enrichment loci that diagnosed Anguis colchica from 

A. fragilis samples12. SNP state associated with A. fragilis was verified with diem13, and hybrid 

index calculated as the proportion of A. fragilis SNP states. 



Supplementary Tables 
Table S1. Sampling. No. hybrid zones – the number of contact zones studied in the genus; in some cases more than one contact between a pair of species was 
studied; Number of localities – the number of all localities with at last one individual of a given species; Number of ind. – number of individuals exhibiting > 
50% ancestry from a given species; "inferred" in “Genome-wide markers” refers to individuals which were assumed to be non-admixed (see Genome-wide 
admixture section of Methods); References – the source of information about samples and genome-wide admixture estimates. 

Genus 
No. 

hybrid 
zones 

Species 
Number 

of 
localities 

Number 
of ind. 

Genome-wide 
markers 

(No. of ind.) * 

% of 
admixed 
ind. ** 

Geographic 
region References 

Salmo*** 1 salar 10 96 inferred (93) - 

Island of 
Newfoundland, 

Canada this study 

trutta 14 190 Ireland 

Solea 1 
aegyptiaca 6 77 10,759 SNP (137) 

inferred (9) 12.4 
Northern and 

Eastern coast of 
Africa 

14 
senegalensis 6 68 

Bombina 2 
bombina 18 54 1883 SNP (56) 

653 SNP (39) 
inferred (56) 

25.2 

Carpathians  

1, this study 
variegata 28 97 

Lissotriton 4 
montandoni 90 980 2849 SNP (1618) 

>20,000 SNP (12) 
inferred (568) 

24.2 2,15,16 vulgaris 123 1218 

Triturus 4 

anatolicus 20 56 49 SNP (154) 
52 SNP (149) 
inferred (33) 

28.9 Balkans and 
Anatolia 

17,18 cristatus 17 55 
ivanbureschi 40 107 
macedonicus 42 112 

Anguis 1 
colchica 118 227 >= 80 SNP (264) 

< 80 SNP (15) 
inferred (29) 

71.1 Czechia and 
Poland this study fragilis 73 81 

Emys 2 
o. occidentalis 24 136 15 microsatellites 

(239) 
inferred (53) 

3.8 
Apennine 

Peninsula & 
Pyrenees  

19 orbicularis**** 30 132 
trinacris 7 24 

Natrix 4 astreptophora 13 15 13 microsatellites 
(270) 27.0 Europe 

20-24 
 



helvetica 113 135 
natrix 92 120 

Podarcis 6 

bocagei 17 39 
16739 SNP (61) 
6905 SNP (67) 
4266 SNP (18) 
1341 SNP (42) 

> 500 SNP (151) 
Inferred (198) 

2.8 Iberian Peninsula 25-28 

carbonelli 29 30 
guadarramae 13 68 

hispanicus 13 24 
liolepis 35 126 

vaucheri 12 80 
virescens 42 170 

Sphyrapicus 3 

nuchalis 92 115 180 SNP (155) 
32136 (36) 

Dozens SNP (114) 
inferred (30) 

70.5 Canada and USA 29-32 ruber 117 146 

varius 60 69 

Clethriono
mys 1 

glareolus 6 60 13.5 million SNP 
(32) 

6078 SNP (30) 
inferred (24) 

1.2 Fennoscandia   
33, this study 

 rutilus 3 26 

* The numbers in parentheses include only individuals successfully genotyped for MHC. In many systems, e.g. Natrix, genome-wide admixture estimates were 
available for more individuals. Those records were used solely for the analysis of geographic clines to increase resolution. All records used for this purpose can 
be found in Table S4.    
** Admixture > 3% 
*** We lack direct estimates for genome-wide admixture in Salmo. However, S. salar and S. trutta can be unambiguously distinguished based on morphology, 
while non-admixed populations can be identified based on the presence of impassable barriers within rivers (S. trutta) or the lack of allospecifics in isolated 
rivers (S. salar). 
**** It includes three subspecies of E. orbicularis, which are known to hybridize extensively (E. o. galloitalica, E. o. hellenica, E. o. orbicularis).  

  



Table S2 – Parameters of the Amplisas software used for MHC genotyping and estimated genotyping repeatability. Due to its large size the table 
is in a separate Excel file. 
  



Table S3. MHC diversity. Allelic richness was calculated for the sample of 8 individuals. 

Genus Species Number of 
MHC-I alleles 

Number of 
MHC-II alleles 

Mean number of 
MHC-I alleles per 

individual 

Mean number of 
MHC-II alleles per 

individual 

MHC-I 
allelic 

richness 

MHC-II 
allelic 

richness 

Salmo salar 27 
57 26 

44 5.50 
4.99 2.66 

2.43 16.50 11.82 
trutta 30 18 4.24 2.00 16.32 8.66 

Solea aegyptiaca 119 
172 74 

108 6.15 
5.98 3.19 

3.15 28.79 18.11 
senegalensis 90 49 5.54 3.10 26.62 14.48 

Bombina bombina 71 
127 26 

46 13.78 
14.87 5.06 

4.74 40.71 15.56 
variegata 112 37 15.56 4.40 55.60 15.62 

Lissotriton montandoni 615 
1059 171 

331 13.04 
13.08 3.47 

3.58 75.64 20.93 
vulgaris 778 242 13.11 3.67 66.19 18.30 

Triturus 

anatolicus 281 

813 

28 

60 

18.09 

18.05 

1.88 

1.81 

80.89 10.13 
cristatus 229 20 19.06 1.88 93.94 10.12 

ivanbureschi 239 14 17.70 1.55 65.62 4.98 
macedonicus 190 6 17.87 2.00 67.99 4.36 

Anguis colchica 136 
178 129 

162 23.72 
23.54 18.97 

17.27 74.84 59.54 
fragilis 114 57 23.31 13.67 71.48 33.76 

Emys 
o. occidentalis 21 

37 
11 

50 
8.46 

7.62 
1.49 

2.03 
12.96 4.70 

orbicularis 27 42 6.40 2.38 12.32 12.31 
trinacris 17 12 7.77 2.21 14.68 7.26 

Natrix 
astreptophora 9 

47 
81 

555 
3.93 

3.73 
31.27 

34.64 
9.00 81.00 

helvetica 34 331 3.77 33.70 10.85 119.24 
natrix 35 401 3.67 35.74 11.08 142.55 

Podarcis 

bocagei 141 

1827 

104 

1400 

16.75 

17.68 

9.61 

12.28 

73.10 44.94 
carbonelli 182 80 19.67 9.71 102.18 44.97 

guadarramae 258 179 19.75 12.08 93.36 60.02 
hispanicus 168 105 18.11 12.40 90.96 57.02 

liolepis 600 379 17.34 14.75 108.64 85.79 
vaucheri 304 251 15.79 10.20 88.55 61.21 
virescens 711 481 17.66 11.60 109.78 65.70 

Sphyrapicus 
nuchalis 81 

139 
27 

60 
14.61 

14.42 
6.65 

6.54 
45.34 15.24 

ruber 91 30 14.58 6.31 48.92 16.12 
varius 80 37 13.68 6.76 52.44 23.14 

Clethrionomys glareolus 420 
526 87 

102 34.23 
33.66 5.46 

5.53 162.40 31.42 
rutilus 203 45 32.25 5.68 122.16 26.42 



Table S4. Taxa used in different tests of adaptive MHC introgression. Whenever a given taxon 
was not used in a test, we provided a brief explanation. 

Taxon Randomization 
test Geographic clines Genomic clines 

Salmo 

The lack of 
non-admixed 
populations in 

the proximity of 
contact 

Limited availability of 
samples 

Limited number of 
individuals with genome-

wide admixture 

Solea YES YES YES 
Bombina YES YES YES 

Lissotriton YES YES YES 
Triturus YES YES YES 
Anguis YES YES YES 

Emys YES 
YES (only for E. o. 

occidentalis – E. 
orbicularis hybrid zone) 

Limited number of 
individuals with genome-

wide admixture 
Natrix YES YES YES 

Podarcis YES 
Impossible to reduce 

spatial complexity to a 
one-dimensional transect 

Limited number of 
individuals with genome-

wide admixture 

Sphyrapicus YES YES (only for S. nuchalis 
– S. ruber hybrid zone) 

YES 

Clethrionomys YES Limited availability of 
samples 

Limited number of 
individuals with genome-

wide admixture 
 

Due to their large size Tables S2, S5 and S6 are in a separate Excel file 

Table S2 – Parameters of the Amplisas software used for MHC genotyping and estimated 
genotyping repeatability. 
Table S5 – Estimates of genome-wide admixture. 
Table S6 – Primers used to amplify second (third in the case of Clethrionomys MHC-I) exons 
of MHC genes in all taxa analysed. The table also includes the source of the original 
sequences used for primer design and the expected length of the product. 
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Supplementary Figures 

 

Figure S1. The effect of the time of divergence between hybridising species on the difference 
between MHC and genome-wide introgression. A) The difference in allele sharing near and 
far from the contact zone; B) Geographic clines; C) genomic clines. Lines show predictions 
from the model (in all cases models without interaction were selected by the likelihood-ratio 
test) and dotted lines represent 95% confidence intervals. 



 

Figure S2. Results of simulations testing the effect of binary coding of multilocus MHC 
genotypes on the estimation of geographic cline parameters. Results are shown for hybrid 
zones formed after 0.5N, 1N and 4N generations of evolution in isolation. A) Estimated cline 
widths and associated 95% confidence intervals; θ - population mutation rate (4Neµ), left 
panel – equal mutation rates of all MHC loci, right panel – mutation rate differs between loci; 
known ancestry – species of origin of each MHC haplotype is known without error, full MHC 
genotypes – hybrid index estimated from known genotypes at each locus, binary coded MHC 
genotypes – hybrid index estimated considering each MHC allele as an independent binary 
dominant locus. B) Mean number of MHC alleles, private and shared between species, 
summed over the five loci, with associated 95% confidence intervals.  



 

Figure S3 – Salmo. Sampling, genome-wide ancestry, and classification of populations into 
“near”  and “far” .  

  



 

Figure S4 – Solea. Sampling, genome-wide ancestry, classification of populations into “near”  
and “far” , and designated transect. 

  



 

Figure S5 – Bombina. Sampling, genome-wide ancestry, classification of populations into 
“near”  and “far” , and designated transects. 

  



 

Figure S6 – Lissotriton. Sampling, genome-wide ancestry, classification of populations into 
“near”  and “far” , and designated transects. Note distinct sets of “far” populations in IN and 
OUT zones.  



 

Figure S7 – Anguis. Sampling, genome-wide ancestry, classification of populations into 
“near”  and “far” , and designated transect. 

  



 

Figure S8 – Emys. Sampling, genome-wide ancestry, classification of populations into “near”  
and “far” , and designated transect. 

  



 

Figure S9 – Natrix. Sampling, genome-wide ancestry, classification of populations into 
“near”  and “far” , and designated transects. 

  



 

Figure S10 – Sphyrapicus. Sampling, genome-wide ancestry, classification of populations 
into parapatry and allopatry, and designated transect. 

  



 

Figure S11 – Clethrionomys. Sampling, genome-wide ancestry, and classification of 
populations into parapatry and allopatry. 
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